In the SOLVit project, degradation studies combined with chemical analysis have been an important part of the work. New stateof-art methodology and competence have been developed and been utilized for formula identification of unknown compounds (degradation products and impurities) in solvents. This have been achieved through understanding of reaction mechanism combined with advance chemical analysis such as FT-ICR-MS (Fourier transform ion cyclotron resonance mass spectrometry). New possibilities to study the complexity of amine chemistry related to degradation and reclaiming have resulted from the program. Within the SOLVit programme, it has been possible to optimize and qualify different solvent systems based on their degradation properties and chemistry. The SOLVit programme has created important generic information and competence on degradation chemistry and chemical analysis that can be of great value in the future.
Introduction
Solvent degradation may lead to a significant loss of solvent performance (solvent losses, corrosion problems etc.) and also lead to a negative environmental impact (emissions to air, production of special waste). The cost of replacing degraded amine in order to maintain performance may be significant. Degradation is prominent in post combustion absorbers due to the presence of large amounts of oxygen in the treated gas. Degradation also occurs in the desorber section, since reactions between various components in the loaded solvent are facilitated by high temperatures. Recent research has revealed significant complexity in the field of degradation, and there are several coupling effects that lead to complex reaction pathways. In the SOLVit project (Knudsen et. al. 2017) , degradation studies combined with chemical analysis has been an important part of the work.
Superior goals in the study of degradation and analysis have been to:
Obtain the best possible overall understanding of the complex chemistry in the many aspects of amine based CCS. To provide analytical methodology with extraordinary sensitivity for high-priority compounds. To explore the complex amine chemistry including identification of degradation products as well as understanding of complex degradation chemistry To establish a basis for selection of the best solvent amine systems.
Analytical instrumentation
For known compounds LC-MS-MS-QQQ (liquid chromatography combined with triple quadrupole mass spectrometry) is the leading and preferred methodology due to definitive and secure identification of analytes, a very high sensitivity and a fast analysis (high sample throughput).
GC-MS -(gas chromatography combined with mass spectrometry) is used for identification of unknown compounds by MS spectrum library search in NIST spectrum database which contain close to 200 000 compounds.
GC-NCD (gas chromatography combined with nitrogen chemiluminescence detection) has been used for quantitative determination of total nitrosamine.
FT-ICR-MS (Fourier transform ion cyclotron resonance mass spectrometry) has been used for identification and verification of totally unknown (new) compounds not found in spectrum libraries. This methodology (ultrahigh resolution mass spectrometry) has been very valuable for the study of very complex mixtures, e.g. oil, biological systems, process chemistry and an important tool for the elucidation of complex amine chemistry. As far as we know, this is the first time FT-ICR-MS methodology has been applied to study of CCS related amine chemistry. An FT-ICR-MS instrument is depicted in Fig. 1 . The instrumentation includes also several other techniques like ion chromatography (IC) for anions and inductively coupled plasma mass spectrometry (ICP-MS-MS) for elemental analysis. 
Methodology and results
In SOLVit an early step in the selection of solvent candidates is to study the solvent stability based on degradation experiments (oxidative and thermal experiments). Example of results from degradation tests are shown in Fig. 3 .
Selection of solvent candidates is based on an evaluation of the results for all degradation tests and then categorized based on a criteria list as given in Table 1 . 
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For promising candidates a more detailed characterization of the degradation product is done. Samples are then studied more thoroughly by different MS techniques, where typical scan by GS-MS and search in NIST database is the first approach (as illustrated in Fig. 4) . Several of the degradation compounds may not be present in the NIST database (for the example in Fig. 4 about 80% of compounds found by GC-MS, peak spectra are NOT found in NIST spectrum database).
For further identification, a study of possible reaction mechanism combined with high resolution MS scan is necessary. In this step it is important to have a list of possible candidates (from possible reaction mechanism and/or from literature) to narrow down matching compounds to a few probable candidates for each peak. An example of identification of HEHEAA in MEA is shown in Fig. 5 . The final step is to verify a new compound against reference material and to establish method for quantitative determination. In cases were reference material of the new compound is not commercial available these have to be synthesized. The FT-ICR-MS is also very useful in qualitative studies as reclaimer experiments, where a qualitative picture of the effect of reclaiming is obtained as illustrated in Fig. 6 . . The characterization with establishment of quantitative methods for new solvents could in some cases be a rather long process. The analytical methods is used to monitor degradation products and contaminants during pilot campaigns of solvents. In Fig. 7 an example of monitoring degradation during a long term pilot campaign is shown. The resulting range of quantitative analysis is a product of the initial identification work based on study of reaction mechanism and qualitative analysis with MS techniques.
A nitrogen balance is a useful tool to verify that/if the major degradation compounds have been quantified. The balance is done by comparing all quantified compounds against analysis of total nitrogen. The usefulness of the balance depends on high quality analysis with high accuracy and good precision. An example of a nitrogen balance is shown in Table 3 . 
Conclusion
New state-of-art methodology and competence developed during the SOLVit programme have been utilized for formula identification of unknown compounds (degradation products and impurities) in solvents. New possibilities to study the complexity of amine chemistry related to degradation and reclaiming have resulted from the SOLVit programme. Within the SOLVit programme, it has been possible to optimize and qualify different solvent systems on the basis of their degradation properties and chemistry. The SOLVit programme has created important generic information and competence on degradation chemistry and chemical analysis that can be of great value in the future.
Sensitive methodology for dedicated compounds prioritized by the SOLVit programme has been developed for a large number of analytes Amines (>50) Alkylamines (7) Nitrosamines (20) Nitramines (7) Degradation products (26) Anions (IC) (7) Inorganic elements (ICP-MS-MS)
The SOLVit programme has been served where analytical needs have occurred in the different work packages (Solvent screening, Degradation experiments, Pilot campaigns, Reclaiming). The number of samples analyzed in the SOLVit project is nearly 10 000 with number of analytes in each sample ranging from 1-30 (, average >10) which yield a total number of compound determinations more than 100 000.
